Because inflammatory diseases in cattle are major causes of economic loss \[[@r11], [@r20]\], diagnostic markers for cattle to estimate the severity of inflammation and prognosis are important. It is well known that the concentrations of serum amyloid A (SAA), one of acute phase proteins (APPs), in serum increase in the early stages of inflammation in cattle \[[@r5], [@r7]\]. SAA is mainly synthesized in the liver and released into the systemic circulation in response to inflammation \[[@r8], [@r9], [@r24]\]. Many studies reported that SAA is useful to evaluate inflammation in cattle \[[@r1], [@r2], [@r4], [@r7], [@r10], [@r13], [@r14], [@r21], [@r28]\].

The role of SAA is to inhibit lymphocyte and endothelial cell proliferation, platelet aggregation, and phagocytosis. It also stimulates the migration of monocytes and neutrophils, and the synthesis of prostaglandins and metalloproteinases \[[@r23]\]. The SAA mRNA transcription is carried out mainly in hepatocytes under the influence of IL-1α, IL-6 and tumor necrosis factor-α (TNF-α) \[[@r3]\]. The SAA is the generic name of a family of proteins that share high levels of sequence homology but are encoded by different genes: *SAA1*, *SAA2*, *SAA3* and *SAA4* \[[@r26]\]. Four SAA isoforms (SAA1, SAA2, SAA3 and SAA4) translated from each gene are included in the SAA family. However, it is known that there are species differences in the expression of SAA isoforms. Bovine SAA proteins, like humans, are SAA 1 to 4, and SAA 1 and 2 are classic proteins for acute phase response (APR) \[[@r5]\]. The SAA3 isoform is known as mammary-associated SAA in cattle and ewes \[[@r5], [@r16],[@r17],[@r18],[@r19], [@r23]\], and is detected in high concentrations in colostrum \[[@r22]\] and mastitic milk \[[@r15]\]. SAA4 is a constitutively expressed protein, and apolipoprotein of the high-density lipoprotein complex \[[@r27]\]. The physiological function of SAA4 is unknown, and its serum concentration has no association with those of other major apolipoproteins.

In several studies aimed to evaluate time courses of SAA and other APPs, serum SAA increased in systemic inflammatory model cattle that endotoxin (ETX) challenged \[[@r4], [@r12], [@r28]\]. However, to the best of our knowledge, no studies have investigated sequential changes in mRNA expression of SAA isoform genes in ETX challenge model cattle. The objective of the present study was to elucidate sequential changes in mRNA abundance of SAA isotypes in ETX challenge model cattle.

MATERIALS AND METHODS {#s1}
=====================

This animal study was performed in accordance with the Guide for the Care and Use of Laboratory Animals of the School of Veterinary Medicine at Rakuno Gakuen University (Approval\#: VC16C1). Ten Holstein-Friesian cattle, aged six months old and weighing 170.6 ± 36.5 kg, were enrolled. All cattle were clinically normal before the experiment based on vital signs, attrition, food and water intakes, and urine and feces production. Clinical signs, such as moist rales on auscultation, moist cough, jugular vein congestion, exophthalmos, salivation and arrhythmia, were not observed before the experiment. A complete and balanced growth diet consisting of pelleted concentrate rations and mixed grass hay was provided, and cattle have unlimited access to fresh water.

All cattle were fit with an indwelling jugular catheter immediately before the ETX was infused, and received 2.5 *µ*g/kg bolus doses of O111:B4 lipopolysaccharide (L4391, Sigma-Aldrich, St. Louis, MO, USA) intravenously in 4 m*l* of autologous serum via the catheter. It is designed after a method used by Hinds *et al*. \[[@r12]\]. Blood samples (10 m*l*) were withdrawn from the contralateral jugular vein before (pre), and 0.5, 1, 2, 4, 8, 12, 24, 48, 72 and 96 hr after the ETX challenge, and stored in heparine-2K-coated tubes (for plasma ETX assay), serum-separating tubes (for serum SAA assay) and EDTA-coated tubes (for real-time PCR). Serum and plasma were harvested after centrifugation at 3,000 rpm at room temperature for 15 min and stored at −80°C until analysis.

Hepatic biopsies were carried out on the 10th and 11th intercostal spaces at pre, and 0.5, 1, 2, 4, 8, 12 and 24 hr after challenge using a 14-G biopsy needle (Quick-cut C2, Hakko, Tokyo, Japan) with a 13-mm-notch under local anesthesia by 2.5 m*l* of 2% lidocaine hydrochloride (Xylocaine injection 2%, Astrazeneca, Osaka, Japan). To prevent hemorrhage on liver, the hepatic biopsy was performed under ultrasound (LogiqBook, GE Healthcare, Wauwatosa, WI, USA)-guide. Hepatic specimens obtained by hepatic biopsy were immediately soaked in RNA stabilization reagent (RNAlater RNA Stabilization Reagent, Qiagen, Hilden, Germany), and then homogenized using a rotor-stator homogenizer with a disposable head (bio-masher II, Wako, Tokyo, Japan) within 24 hr after collection. In addition, although SAA is mainly expressed in liver and epithelial cells \[[@r5], [@r24]\], the amount of mRNA present in polymorphonuclear leukocytes (PMN) was also measured as reference to confirm that SAA is not expressed in PMN. PMN was separated from EDTA treated blood by centrifugation after hemolysis of red blood cells using hemolytic reagent (Red Blood Cell Lysis Buffer, Roche Diagnostics, Basel, Switzerland), according to the instructions.

Plasma ETX activities were measured by commercial limulus amebocyte lysate (LAL)-kinetic turbidimetric assays (KTA). Immediately prior to testing, plasma samples were diluted 20-fold in ETX-free water (Otsuka distilled water, Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). These specimens were vortexed for 10 sec, and then heated for 10 min at 80°C in order to inactivate interfering substances such as protease inhibitors. The ETX control standard (CSE, Control Std Endotoxin, Charles River, Charlston, SC, USA), which contained 10 *n*g of ETX/vial, was dissolved to 30 ETX unit (EU)/vial by ETX-free water and used as the positive control. The LAL reagents for LAL-KTA (Endosafe^®^ KTA2, Charles River) assay was reconstituted with ETX specific Buffer Solution (Endotoxin-Specific Buffer Solution, Charles River) to eliminate β-glucan reaction. The LAL-based assays were performed on 96-well microplates (Endosafe^®^ 96-well, flat bottom microplate M9001, Charles River). ETX activities were measured using a microplate reader (Sunrise^TM^, Tecan Group Ltd., Männedorf, Switzerland) and endotoxin measuring software (EndoScan-V^TM^, Charles River). The wave length was 340 nm.

Serum SAA concentrations were measured using an automated latex agglutination turbidimetric immunoassay (VET-SAA 'Eiken', Eiken Chemical Co., Tokyo, Japan) on an automated clinical chemical analyzer (Hitachi 7170S, Hitachi Ltd., Tokyo, Japan) \[[@r6]\].

Total RNA from liver tissue and PMN was isolated using an RNA isolation kit for tissue (High Pure RNA tissue kit, Roche Diagnostics, Basel, Switzerland) and blood (High Pure RNA Isolation Kit, Roche Diagnostics) according to the instructions, respectively, and stored at −80°C until analysis. The measurement targets were IL-6 which affecting SAA production, SAA2 which associated with inflammation, and SAA4 not associated with inflammation. Abundance levels of IL-6, SAA2 and SAA4 mRNA in PMN and liver tissue were measured by real-time PCR (Light-Cycler 480 system II, Roche Diagnostics). Both reverse transcription and real-time PCR were carried out in one-step methods using a commercial kit (Light-Cycler^®^ Multiplex RNA Virus Master version 3, Roche Diagnostics, Basel, Switzerland). The real-time PCR reaction was performed in 96-well plates with a final volume of 20 *µl*. The PCR mixture contained 5 *µl* of template RNA, 1 *µl* (0.5 *µ*M) of each primer (forward and reverse), 0.4 *µl* of Universal Probe, 4 *µl* of RT-PCR reaction mix, 0.1 *µl* of RT-Enzyme solution and 8.5 *µl* of water. The primers and universal probes for bovine IL-6, SAA2, SAA4 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.List of primers and universal probes for bovine IL-6, serum amyloid A (SAA) 2, SAA4 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)PrimerLengthSequence (5′-3′)Universal probe^a)^IL-6Forward20gcctgagagctattcggatg\#45Reverse20tgcccaggaactaccacaatSAA2Forward20ctatgacgctgcccaaagag\#26Reverse23cagagggtctgtgaatctctgaaSAA4Forward20ggaactacgaggctgctcaa\#26Reverse20tgaaggtactccccgacattGAPDHForward20ggcctccaaggagtaaggtc\#45Reverse21aggaactcttcctctcgtgcta) Each probe is matched for the specific primer sequence designed by using Universal ProbeLibrary.. According to the manufacturer's instructions, the following amplification setup and cycling parameters were used: reverse transcription at 50°C for 10 min, pre-incubation at 95°C for 30 sec, and 45 cycles of amplification at 95°C for 5 sec and 60°C for 30 sec. The results of relative quantification of GAPDH as a reference gene were automatically provided using commercial software (E-method, Roche Diagnostics, Basel, Switzerland).

Statistical analysis
--------------------

Statistical analyses were performed using a commercial software package (IBM SPSS Statistics, v.23, IBM Co., Somers, NY, USA). The data in this study are shown as the mean ± standard deviation. A test result of ETX activity was considered valid when spike recovery and coefficient of variation met the accepted criteria; spike recovery: 50--200%, coefficient of variation \<25%. The lower detection limit of ETX activity was 0.077 EU/m*l*. Therefore, plasma ETX activity below 0.077 EU/m*l* was statistically analyzed as 0.077 EU/m*l*.

The obtained data from each five cattle per group were averaged for each and analyzed by using repeated-measures analysis of variance (ANOVA) to assess the time course of changes in each value over 24 hr (plasma ETX activity and mRNA abundance) or 96 hr (serum SAA concentration), respectively. If significant differences were observed, the Dunnett post-hoc test for multiple comparisons was performed to find time points showing significant difference from the pre-value. The significance level was *P*\<0.05.

RESULTS {#s2}
=======

As all values were normally distributed in this study, they were expressed as the mean ± standard deviation.

Sequential changes in plasma ETX activity in ETX-challenged cattle are shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Sequential changes in plasma endotoxin activity in control and endotoxin (ETX)-challenged cattle. \*\*: vs. pre-value (*P*\<0.01).. Pre-challenge values of plasma ETX activity were lower than detection limit (0.077 EU/m*l*) in both the control and ETX groups. In plasma endotoxin activity of only cattle challenged with endotoxin, interaction between groups and time was observed (*P*\<0.05). The significant increase in plasma ETX activity was observed in ETX group compared to pre-value at 0.5 hr (*P*\<0.01), reaching 1.032 ± 0.310 EU/m*l* at 0.5 hr after challenge, followed by a return to pre-challenge values after 1 hr.

Sequential changes in serum SAA concentrations in ETX-challenged cattle are shown in [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Sequential changes in serum amyloid A (SAA) concentrations in control and endotoxin (ETX)-challenged cattle. \*: vs. pre-value (*P*\<0.05), \*\*: vs. pre-value (*P*\<0.01).. The pre-challenge values of serum SAA concentrations in the control and ETX groups were 1.94 ± 2.40 and 4.77 ± 6.77 *µ*g/m*l*, respectively. In the control group, no significant change in serum SAA concentration was observed during experimental period. While, significant increases were observed in serum SAA concentrations in ETX group between 12 and 72 hr compered to pre-value (12 and 72 hr: *P*\<0.05, 24 and 48 hr: *P*\<0.01), reaching 123.31 ± 21.78 *µ*g/m*l* at 24 hr after the ETX challenge.

In both the control and ETX groups, the pre-challenge value of IL-6 mRNA abundance ratio to GAPDH in the PMN and liver were lower than 0.0007. In the control group, no significant changes in any genes were observed in the PMN or tissues during experimental period. On the other hand, significant increases were observed in hepatic IL-6 mRNA abundance in ETX-challenged cattle compared to pre-challenge value at 2 hr after ETX challenged (*P*\<0.05), reaching 0.007 ± 0.008 ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Sequential changes in mRNA abundance ratio of IL-6 (A), serum amyloid A (SAA) 2 (B) and SAA 4 (C) in the liver. \*: vs. pre-value (*P*\<0.05), \*\*: vs. pre-value (*P*\<0.01).).

The sequential changes in the mRNA abundance ratio of SAA2 to GAPDH in the liver are shown in [Fig. 3B](#fig_003){ref-type="fig"}. The pre-challenge value of hepatic SAA 2 mRNA abundance in the control and ETX groups were 2.85 ± 1.35 and 2.61 ± 3.47, respectively. Significant increases were observed in hepatic SAA2 mRNA abundance ratio in ETX-challenged cattle between 4 and 24 hr compered to pre-value (4 to 12 hr: *P*\<0.05, 24 hr: *P*\<0.01), reaching 20.24 ± 2.44 at 8 hr after the ETX challenge. In the PMN, the significant increase was also observed in SAA2 mRNA abundance ratio in ETX-challenged cattle at 4 hr compered to pre-value (*P*\<0.05, data not shown).

The sequential changes in the mRNA abundance ratio of SAA4 to GAPDH in the liver are shown in [Fig. 3C](#fig_003){ref-type="fig"}. The pre-challenge value of hepatic SAA4 in the control and ETX groups were 0.19 ± 0.11 and 0.29 ± 0.24, respectively. Significant increases were observed in hepatic SAA4 mRNA abundance ratio in ETX-challenged cattle between 4 and 12 hr compered to pre-value (4 hr: *P*\<0.05, 8 and 12 hr: *P*\<0.01). The hepatic SAA4 mRNA abundance ratio reached 1.93 ± 0.77 at 8 hr after the ETX challenge. However, there were no significant differences in the mRNA abundance ratio of SAA4 in the PMN between groups (data not shown).

DISCUSSION {#s3}
==========

The objective of the present study was to clarify sequential changes in mRNA abundance of SAA isotypes in ETX challenge model cattle. The plasma ETX activity in ETX-challenged cattle was peaked at 0.5 hr after the ETX challenge, followed by a rapid return to the pre-challenge value. Then, the hepatic IL-6 to GAPDH mRNA abundance ratio increased at 2 hr. Subsequently, the serum SAA concentration begins to increase at 12 hr after ETX challenge and remained high until 72 hr. This rapid increase in SAA due to inflammation is supported by previous studies using infectious model cattle \[[@r2], [@r10], [@r12], [@r15]\].

IL-6 is the major inducer of the hepatic acute phase proteins, and which is secreted by neutrophils, monocytes and macrophages upon Toll-like receptor stimulation by inflammation-inducing substance, such as ETX \[[@r3], [@r25]\]. In hepatocyte, pro-inflammatory cytokines such as IL-6 and TNF-α activate the transcription factors STAT3 and NF-kB, and they promote the expression of many APPs including SAA \[[@r25], [@r27]\]. The sequential changes in IL-6 and SAA observed in present study are consistent with these facts, it was considered that SAA was produced in the liver by IL-6 stimulation.

In cattle, the ETX challenge resulted in increase of SAA2 and SAA4, which was primarily in the liver. However, mRNA abundance of hepatic SAA4 was much lower than that of SAA2 in this study. This suggests that the SAA2 gene, an APP in cattle, is expressed in the liver in the acute phase of inflammation via the expression of IL-6, as described above. In addition, bovine SAA2 is the major APP isotype in the SAA family, similar to human SAA1. SAA1 and SAA2 are the genes for the classic APR serum proteins in humans and mice \[[@r24]\]. Considering these, bovine hepatic SAA2 is also the major APP isotype in the SAA family expressed via IL-6, similar to human SAA1. On the other hand, the ETX induced increase of bovine hepatic SAA4, despite it was not APP, might be involved read-through transcription reported in humans \[[@r24]\].

The significant increase of the SAA2-mRNA abundance in PMN was observed at 4 hr after ETX challenged, however, the expression of SAA genes in PMN were minimal compared to that in liver. Although SAA gene expression was slightly observed in PMNs, the main SAA expression field was in the liver, like previous study \[[@r24]\] that described the SAA2 gene was expressed in the liver. In this study, it was not clear why SAA2 in PMN was upregulated by endotoxin challenge. Going forward, further studies should be required to elucidate the mechanism of extrahepatic expression of SAA2 in cattle.

In conclusion, this study demonstrated that the serum SAA concentration increases after ETX challenge, and is induced by IL-6 and SAA2 genes expressed mainly in the liver. Of particular interest is the increase in SAA concentration was due to the SAA2 gene, which is homologous to the human inflammation related gene, not the SAA4 gene.
